Introduction {#sec1}
============

Superplasticizers (SPs)^[@ref1]−[@ref3]^ play a crucial role in the civil engineering field: they are able to guarantee good workability of fresh concrete using a low water/cement ratio (w/c), without affecting the features of the cement such as the setting time and the strength and durability of the hardened material.^[@ref1]−[@ref3]^ Sulfonated materials such as poly-β-naphthalene sulfonate (SNF)^[@ref1]^ and poly(melamine sulfonate) (SMF)^[@ref1]^ are considered as the first generation of superplasticizers with a wide application. SNF and SMF are water-soluble organic polymers bearing anionic SO~3~^--^ groups.^[@ref1]^ Sulfonated polymers are obtained by sulfonation of monomeric aromatic units and successive formaldehyde condensation, and following this approach, a variety of further materials (other than SNF and SMF) were obtained such as sulfonated phenolic resins and sulfanilate-phenol-formaldehyde condensates.^[@ref1]^ Recently, polycarboxylate ether superplasticizers (PCEs)^[@ref4],[@ref5]^ have attracted much attention for their superior performance in cement-based mortars. Compared to SNF,^[@ref5]^ they can fluidize mortars with a lower w/c ratio and with their lower dosages and show a better slump retention ability.^[@ref5]^

The action mechanism^[@ref6],[@ref7]^ of these materials is due to the adsorption of superplasticizer molecules on the surface of the cement particle.^[@ref7]^ In detail, two effects were invoked to explain the dispersing abilities of SNF, SMF, and PCE additives: the electrostatic and steric repulsions.^[@ref7]^ The adsorption on the hydrating cement particles of SPs bearing anionic charged groups (e.g., sulfonate) leads to the formation of a double ionic layer of positively and negatively charged ions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) that cause electrostatic repulsions among the particles ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref6],[@ref7]^ Regarding the steric repulsion among the cement particles, the adsorbed SP molecules induce short-range repulsive forces by virtue of the steric hindrance between adsorbed polymer layers ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref7],[@ref8]^ As is known by the Ottewill--Walker equation,^[@ref8]^ the steric stabilization of the particulate suspensions is ensured by additives that adsorb on the surface of the cement particle by forming a thick layer.^[@ref9],[@ref10]^ The electrostatic effect is dominant in sulfonate-based superplasticizers such as SNF and SMF, while with PCE additives bearing long hydrophilic chains, the steric effects play a crucial role in the dispersion phenomena.^[@ref1]−[@ref3]^ The mechanism of poly-β-naphthalene sulfonates is illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.^[@ref1]−[@ref3]^ SNF molecules are adsorbed on the cement surface by their anionic functions, forming in this way a double ionic layer.

![Adsorbed SNF superplasticizer (top) gives rise to electrostatic repulsion (bottom) between cement particles.](ao0c01837_0001){#fig1}

Macrocyclic compounds have found interesting applications in the cement field. β-CD-based PCEs^[@ref11]−[@ref14]^ showed a retarding effect due to the presence of polyhydroxylated macrocycles. β-CDs inhibit the solid-phase nucleation process and the growth of hydration products, thus resulting in the retardation of cement hydration.^[@ref11]−[@ref14]^ In detail, retardation with β-CD-based SPs is due to the steric hindrance caused by the conical structure of a macrocycle and by its hydrophilic OH groups, working as "cement-anchoring" groups.^[@ref11]^

Pyrogallol\[4\]arenes^[@ref15]^ and resorcin\[4\]arenes^[@ref16],[@ref17]^ are macrocycles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) constituted by 1,2,3-trihydroxybenzene and 1,3-dihydroxybenzene aromatic units, respectively, bridged with −CHR-- moieties at 4,6-positions. Consequently, the so-called "upper rim" of their macrocyclic structure is adorned with polar hydroxyl functions ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Chemical drawing of native resorcin\[4\]arenes and pyrogallol\[4\]arenes and their sulfonate derivatives **1a**--**c** designed in the present work.](ao0c01837_0002){#fig2}

The resorcin\[4\]arene and pyrogallol\[4\]arene macrocycles are obtained by the acid-catalyzed condensation of resorcinol^[@ref17]^ or pyrogallol,^[@ref15]^ respectively, with aromatic or aliphatic aldehydes in ethanol under reflux. Thus, the nature of the aldehyde determines the substituents present on the methine bridges. Resorcin\[4\]arenes and pyrogallol\[4\]arenes ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) are characterized by an upper rim in which are present 8 and 12 polar OH groups, respectively ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), while each methine bridge bears a substituent that can be chosen to impart solubility in polar or apolar solvents ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). As is known by previously reported X-ray and NMR studies,^[@ref15]−[@ref17]^ pyrogallol\[4\]arene and resorcin\[4\]arene macrocycles adopt a vase-like three-dimensional (3D) structure in which the OH groups at the upper rim form a belt of intramolecular H-bonds ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). To the best of our knowledge, no data have so far been reported in the literature regarding the dispersing abilities of sulfonate-macrocyclic derivatives. Therefore, the question arises whether the sulfonate-macrocyclic structures **1a**--**c** reported here are able to disperse the cement particles. In addition, can the presence of polar hydrophilic OH groups at the upper rim of **1a**--**c** somehow affect their dispersing abilities? Prompted by these considerations, we have synthesized the macrocycles **1a**--**c**,^[@ref18]^ and we wish to report here the results of our studies concerning their properties as SP additives.

![Density functional theory (DFT)-optimized structures of the macrocycles **1a**, **1b**, and **1c** (from top to bottom) at the B3LYP/6-31G(d,p) level of theory.](ao0c01837_0003){#fig3}

Results and Discussion {#sec2}
======================

Synthesis and Characterization of Derivatives **1a**--**c** {#sec2.1}
-----------------------------------------------------------

The synthesis of the water-soluble tetrasulfonate resorcin\[4\]arene and pyrogallol\[4\]arene derivatives **1a**--**c** is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. The derivatives were obtained by following a slightly modified procedure compared to that previously reported by Kobayashi et al.^[@ref18]^ The synthetic approach was based on an acid-catalyzed condensation between the masked sulfonate aldehyde **3** and the aromatic monomers **4a**--**c**, which afforded the sulfonate cyclic derivatives **1a**--**c** in high yield by simple precipitation. The key precursor **3** is obtained by the reaction between 2-(2-bromoethyl)-1,3-dioxane and sodium sulfite for 48 h instead of 24 h, as previously reported.^[@ref18]^ After workup, the precursor **3** was collected in the aqueous phase and added to the ethanolic solution of **4** in the presence of HCl acid catalyst. The solution was refluxed for 48 h, and finally, the products **1a**, **1b**, and **1c** were obtained in 90, 92, and 80% yield, respectively, by simple precipitation. The structures of **1a**--**c** were ascertained by comparison of ^1^H and ^13^C NMR data with those reported in the literature and by Fourier transform-ion cyclotron resonance (FT-ICR) high-resolution mass spectrometry (HRMS) in negative ion mode (SI). DFT-optimized structures of the macrocycles **1a**--**c** at the B3LYP/6-31G(d,p) level of theory are reported in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. A bowl-shaped 3D structure is adopted by **1a**--**c**, which is stabilized by four intramolecular O--H···O H-bond interactions, with an O···O mean distance of 2.78 Å and an O--H···O angle of 178°. These values are indicative of the presence of strong intramolecular H-bond interactions between the four OH groups at the upper rim of **1a**--**c**, while the other OH groups show H-bond donating free valence.

![Synthesis of the Tetrasulfonate Macrocycles **1a**--**c**](ao0c01837_0007){#sch1}

Dispersing and Retarding Properties of Derivatives **1a**--**c** {#sec2.2}
----------------------------------------------------------------

With the products **1a**--**c** in hand we measured their dispersing performances in cement mortars by spread tests. As reported in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, different dosages of the macrocycles (i.e., 0.2--0.8% by weight of cement, bwoc) were used, and their effect on the starting mortar fluidity was ascertained at a w/c ratio of 0.50. Our aim was to obtain useful information on the relationship between the structure of the macrocycles **1a**--**c** (i.e., number of hydrophilic OH groups) and their dispersing performance. As reported in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the dispersing ability of the resorcin\[4\]arene derivative **1a**, bearing eight OH groups at the upper rim, was rather limited. On the other hand, the pyrogallol\[4\]arene derivative **1b** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), in which the upper rim is adorned with 12 OH groups, showed a superior dispersing ability. For instance, a dosage of 0.50% of **1b** was necessary to obtain a spread value of ca 270 mm. ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), whereas **1a** did not show any dispersing properties even at high dosage values (an analogous behavior was shown by **1c**, not reported in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). The higher dispersing efficiency of the pyrogallol\[4\]arene **1b** with respect to the resorcin\[4\]arenes **1a**,**c** can probably be attributed to its more hydrophilic nature due to the presence of 12 OH groups at its upper rim, which provide a greater chelating effect toward the Ca^2+^ ions. Consequently, the adsorption of **1b** on the surface of the cement particle and the formation of Ca^2+^@**1b** chelates lead to the formation of a thick layer, which in addition to the electrostatic repulsion between the cement particles determines the dispersion process.^[@ref6]−[@ref8]^

![(a) Dosage-dependent effect of the synthesized macrocycles on mortar spread value and comparison with Disperbeton 45 (commercial by BI-QEM SPECIALTIES S.p.A). The dosage-dependent effect of the derivative **1c** is not reported because of its poor dispersing performances, as indicated in (b). (b) Time-dependent evolution of the spread value of fresh cement mortars admixed with the synthesized sulfonated macrocycles (0.5% bwoc) (w/c = 0.5). (c) Impact of sodium sulfate additions on the dispersing performance of **1b** and **1a** (0.2% bwoc) in comparison to a commercial naphthalene-based plasticizer branded Disperbeton 45 (w/c = 0.5).](ao0c01837_0004){#fig4}

With this result in hand we focused our attention on the spread retention capability of **1a**--**c**. A unique characteristic of SPs is to confer retention of fluidity over time to the fresh cement mortars in which they are added; therefore, a measurement of this ability allows us to understand if the tested additive could be classified as a workability retainer and/or as a water reducer. To this aim, the spread of cement mortars was evaluated with dosing the 0.5% bwoc of macrocycle and by setting the w/c ratio at 0.5; finally, the evolution of mortar fluidity was measured over time (up to 120 min).

The results summarized in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b clearly indicate that the derivative **1c** does not show any fluidizing property. Analogously, the derivative **1a** shows a very low initial spread and poor fluidizing property. Differently, the pyrogallol\[4\]arene **1b** shows a high initial spread value comparable to commercial plasticizers, such as Disperbeton 45 (a sulfonate naphthalene-formaldehyde plasticizer manufactured and distributed by BI-QEM SPECIALTIES S.p.A). Interestingly, in the presence of **1b**, the fluidity retention of the mortar declined slower than in the presence of commercial plasticizers.

It is known^[@ref10]^ that the dispersing performance of anionic SPs such as PCEs often is depressed in cement samples in which a high content of soluble sulfate salts is present.^[@ref10]^ In detail, the sulfate anions compete with the anionic groups of SPs for the adsorption on the cement particle. Thus, many efforts were profused in recent years, to study new superplasticizers that are able to work in the presence of sulfate anions. On the basis of these considerations, we investigated the sulfate anion tolerance of the pyrogallol\[4\]arene macrocycle **1b** by dissolving different amounts of sodium sulfate (0.2--0.8% bwoc) in the mortar in the presence of **1b** (0.2%) and performing slump tests (w/c = 0.50). As reported in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, the dispersing performances of **1b** are slightly affected by sulfate ions. In fact, in the presence of SO~4~^2--^, only a small increase in the spread was observed upon the addition of Na~2~SO~4~ from 0 to 0.5% bwoc.

Probably, this is due to the ability of **1b** to establish H-bonding interactions^[@ref18],[@ref19]^ with the sulfate anions in solutions and by blocking in this way their access to the surface of the cement particle. In detail, the model proposed by us ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c) suggests that **1b** is adsorbed on the surface of the cement particle by electrostatic interactions between the anionic functions of **1b** and the cations present on the particle surface ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). Thus, the pyrogallolarene skeleton stretches out into the solution ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). Probably, under these conditions, the OH groups of pyrogallolarene **1b** with H-bond donating free valence ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) are able to complex the sulfate anions by H-bonding interactions, as shown in the DFT-optimized structure of the complex **SO**~**4**~^**2--**^@**1b** in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c.^[@ref15]^ To corroborate this assumption, a standard ^1^H NMR titration experiment^[@ref18]−[@ref20]^ was performed in which the concentration of **1b** was kept constant, while the sulfate anion concentration was varied ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). The addition of a sulfate anion (from 0 to 40 mM in a D~2~O solution), in the form of sodium salt, to the 0.001 M solution of **1b** in D~2~O caused significant downfield shifts of the aromatic signal of **1b**. As it is known,^[@ref18]−[@ref20]^ this indicated that the OH groups are engaged in hydrogen bonding interactions with the anionic guest with a fast complexation equilibrium ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d) with respect to the NMR time scale.^[@ref20]^ In accord with the model proposed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the pyrogallolarene molecules adsorbed on the surface of the cement particle act as a barrier impeding the access of the sulfate anion to the surface of the cement particle. Probably, the presence of the supramolecular complexes **SO**~**4**~^**2--**^@**1b** adsorbed onto the surface of the cement particle increases the electrostatic repulsion (SO~4~^2--^··· SO~4~^2--^) among them, justifying in this way the slight increase of the spread, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. The structure of the H-bonding complex **SO**~**4**~^**2--**^@**1b** was investigated by DFT calculations. First of all, the lowest energy structure of the supramolecular complex **SO**~**4**~^**2--**^@**1b** was obtained by a Monte Carlo conformational search (Amber force field, H~2~O as a solvent) and successively was optimized by DFT calculations at the B3LYP/6-31G(d,p) level of theory ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). The DFT-optimized structure of **SO**~**4**~^**2--**^@**1b** ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) clearly shows the presence of two H-bonding interactions involving the vicinal OH groups with H-bond donating free valence ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) and two oxygen atoms of the sulfate anion. In detail, the two H-bonds show an O--H···O=S mean distance of 2.53 Å and an O--H···O=S angle of 172.1°; in accord with this geometrical feature, they can be classified as strong H-bonds.^[@ref21]^

![(a) Intramolecular H-bonds and intermolecular H-bond donating free valences in **1b**. (b) Schematic representation of the adsorption mode of the tetrasulfonate pyrogallol\[4\]arene **1b** illustrating the H-bonding interactions on the basis of the mechanism proposed for the hindered access of sulfate ions to the surface of the cement. (c) DFT-optimized structure of the supramolecular complex **1b\@SO**~**4**~^**2**--^ at the B3LYP/6-31G(d,p) level of theory. Dashed lines in red represent intramolecular and intermolecular H-bonding interactions. (d) Change in the ^1^H chemical shift of the aromatic hydrogen atoms of **1b** (0.001 M) with increasing concentrations of the SO~4~^2--^ anion (as sodium salt) in D~2~O.](ao0c01837_0005){#fig5}

At this point, we investigated the setting time of **1a** and **1b**, which, analogously to β-CD,^[@ref11]−[@ref14]^ show a rim adorned with OH groups. In detail, the effects of the water-soluble macrocycles **1a** and **1b** on the setting time of the cement paste were studied at a dosage of 0.5 wt % and a w/c of 0.5. The sulfonate resorcinarene **1a** and pyrogallolarene **1b** generate a serious retardation effect with an initial setting time of 8 h, which makes them unsuitable for civil engineering applications. This result is in accord with the behavior reported in literature^[@ref11]−[@ref14]^ for β-CD. Probably, also in this case, the steric hindrance^[@ref11]−[@ref14]^ of the macrocyclic backbone and the formation of chelates between the OH groups of **1b** and Ca^2+^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) prevent the solid-phase nucleation and growth of the hydration products and retarded cement hydration.^[@ref11]−[@ref14]^ In detail, the formation of a thick adsorption layer constituted by macrocycle-Ca^2+^ chelates and a solvation water film ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, due to the hydration of Ca^2+^ and to the pyrogallol\[4\]arene H-bonded water molecules) leads to a slowdown in the growth of the hydration products.

![Sketch of the proposed retarding mechanism of the pyrogallolarene **1b**.](ao0c01837_0006){#fig6}

Thanks to its plasticizing/retarding properties, the sulfonate pyrogallol\[4\]arene macrocycle **1b** can be useful as a retarding additive for the cement. The addition of retarding additives is crucial to ensure the workability of the cement during the warm months or in the presence of a high concentration of Ca^2+^. In addition, retarding additives are useful to enhance/modulate the workability time of gypsum slurries by a strong retarding effect. In fact, gypsum slurries with very low water content have in general a setting time lower than 15 min; consequently, to ensure their workability, it is often necessary to use plasticizers in combination with retarders.

Conclusions {#sec3}
===========

In conclusion, we here report for the first time a study on the dispersing and retarding properties of the water-soluble tetrasulfonate resorcin\[4\]arene (**1a** and **1c**) and pyrogallol\[4\]arene **1b** macrocycles when dissolved in cement paste. The dispersing properties of these macrocycles, constituted by aromatic benzene units, are largely dependent on the number of OH groups at their upper rim. In fact, the resorcinarene **1a** shows scarcer dispersing properties with respect to **1b**, whereas the derivative **1c**, bearing a methyl group on the position 2 of the aromatic rings, does not show any dispersing properties. The dispersing properties of **1b** are not affected by the sulfate anions, thanks to the anionic recognition abilities of the macrocycle, which is able to complex the sulfate anion by H-bonding interactions, thus preventing the access of sulfate anions on the surface of the cement particle. Finally, the water-soluble macrocycles **1a** and **1b** show a serious retardation effect with an initial setting time of 8 h, which makes them unsuitable in engineering applications.

Considering the current interest toward the synthesis of novel dispersing molecules, it is conceivable that the information reported herein will be useful for the design of macrocycle-based SPs with improved fluidizing abilities and setting time performances.

Experimental Section {#sec4}
====================

General Experimental Details for the Synthesis of Derivatives **1a--c** {#sec4.1}
-----------------------------------------------------------------------

High-resolution mass spectra were acquired on a Bruker Solarix FT-ICR mass spectrometer equipped with a 7T magnet. The mass spectra were calibrated externally, and a linear calibration was applied. All reaction solvents were dried by activated 3 Å molecular sieves. All reagent grade chemicals were used without further purification and were used as purchased. Reaction temperatures were measured externally. Reactions were monitored by thin-layer chromatography (TLC) silica gel plates (0.25 mm) and visualized by 254 nm UV light or by spraying with H~2~SO~4~--Ce(SO~4~)~2~. NMR spectra were recorded on a Bruker Avance 600 \[600 (^1^H) and 150 MHz (^13^C)\], Avance 400 \[400 (^1^H) and 100 MHz (^13^C)\], or Avance 300 MHz \[300 (^1^H) and 75 MHz (^13^C)\] spectrometer. Chemical shifts are reported relative to the residual solvent peak. Infrared (IR) spectroscopy analysis and thermal analysis were recorded at the Research & Development Laboratory of BI-QEM SPECIALTIES S.p.A. with FT-IR 4100 Type A (JASCO Europe) and thermogravimetric analysis (TGA) Q500 (TA Instruments), respectively, in air atmosphere up to 900 °C with a heating rate of 10 °C/min.

Compounds **1a**, **1b**, and **1c** were obtained following a slightly modified procedure compared to that reported previously in literature.^[@ref18]^ A two-phase mixture of 2-(2-bromoethyl)-1,3-dioxane (0.250 mol) and an aqueous solution of Na~2~SO~3~ (0.500 mol in 250 mL) was stirred for 48 h under reflux and nitrogen atmosphere. The reaction mixture was allowed to cool to room temperature, and 250 mL of water was added. Then it was washed twice with 450 mL of ethyl ether to remove the unreacted starting material. To the aqueous phase were successively added ethanol (500 mL), the appropriate aromatic monomer (1,2,3-trihydroxybenzene, 1,3-dihydroxybenzene, 1,3-dihydroxy-2-methylbenzene: 0.403 mol), and 75 mL of a solution with 37% of HCl. The reaction mixture was refluxed under nitrogen atmosphere for 48 h. Then the solvent was removed under vacuum and cold methanol was added. The obtained precipitate was filtered and washed with cold methanol to give **1a** in 90% of yield as a yellow solid, **1b** in 92% of yield as a yellow solid, and **1c** in 80% of yield as a white solid. Derivative **1a**. ^1^H NMR (400 MHz, D~2~O, 298 K): δ 7.08 (s, 4H, ArH), 6.52 (s, 4H, ArH), 4.65 (t, *J* = 7.9 Hz, 4H, −C*H*CH~2~), 3.05 (t, *J* = 7.4 Hz, 8H, −C*H~2~*SO~3~Na), 2.55 (m, 8H, −CHC*H*~2~). ^13^C NMR (100 MHz, D~2~O, 298 K) δ 152.4, 126.1, 123.5, 103.70, 50.0, 34.2, 29.6. FT-ICR HR ESI MS (negative ion mode), *m*/*z* calcd for C~36~H~36~O~20~S~4~^4--^: 229.0176, found: 229.0177; *m*/*z* calcd for C~36~H~36~O~20~S~4~ Na~2~^2--^: 481.0245, found: 481.0255. Derivative **1b**. ^1^H NMR (600 MHz, D~2~O, 298 K): δ 6.61 (s, 4H, ArH), 4.59 (t, *J* = 7.8 Hz, 4H, −C*H*CH~2~), 2.88 (t, *J* = 7.8, 8H, −C*H*~2~SO~3~Na), 2.46 (m, 8H, −CHC*H*~2~). ^13^**C NMR** (150 MHz, D~2~O, 298 K) δ 141.3, 133.9, 125.1, 115.9, 50.0, 34.5, 29.1. Derivative **1c**. ^1^H NMR (600 MHz, D~2~O, 298 K): δ 7.02 (s, 4H, ArH), 4.61 (t, *J* = 7.98 Hz, 4H, −C*H*CH~2~), 2.86 (t, *J* = 7.3 Hz, 8H, −CH~2~SO~3~Na), 2.55 (m, 8H, −CHC*H~2~*), 1.82 (s, 12 H, −*CH~3~*). ^13^C NMR (150 MHz, D~2~O, 298 K) δ 149.4, 125.4, 121.2, 114.9, 49.8, 49.3, 34.2, 29.0, 8.8. FT-ICR HR ESI MS (negative ion mode), *m*/*z* calcd for C~40~H~44~O~20~S~4~^4--^: 243.0333, found: 243.0334; calcd for C~40~H~44~O~20~S~4~Na^3--^: 331.7074, found: 331.7076; calcd for C~40~H~44~O~20~S~4~ Na~2~^2--^: 509.0558, found: 509.0560.

FT-IR Analysis of Derivatives **1a**--**c** {#sec4.2}
-------------------------------------------

FT-IR analyses were carried out on a JASCO V-630 Spectrophotometer in KBr dispersion: ν~(−OH)~ stretching vibration at 3425 cm^--1^; ν~(S=O)~ stretching vibration at 1180 and 1050 cm^--1^. Spectra and supplementary characterization are shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01837/suppl_file/ao0c01837_si_001.pdf).

TGA/DTG Analysis of Derivatives **1a--c** {#sec4.3}
-----------------------------------------

Thermogravimetric analyses were acquired on a TA Instrument Q500 thermogravimetric analyzer in air atmosphere up to 900 °C with a heating rate of 10 °C/min. Decomposition profile plots are shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01837/suppl_file/ao0c01837_si_001.pdf).

Applicative Workability Tests on Fresh Mortar {#sec4.4}
---------------------------------------------

### Mortar Test Materials and Lab Equipment {#sec4.4.1}

An ordinary Portland cement CEM IIA 42.5 RLL (Italcementi) in compliance with UNI EN 197-1 and a sand CEN Standard Sand in compliance with DIN EN 196-1 (Normensand) were used in this study. Mortar performance was tested according to the current standard norms.

Spread tests performed were compliant with ASTM C143 (Standard Test Method for Slump Hydraulic-Cement Concrete). The pieces of equipment used were an automatic mortar mixer (E093; Matest S.p.A.) in compliance with ASTM C305M specifications (Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic Consistency) and an automatic flow table (M092; LBG srl) in compliance with ASTM C230M specifications (Standard Specification for Flow Table for Use in Tests of Hydraulic Cement). All spread tests were carried out at w/c = 0.5, according to the requirements of EN 196-1:2016 (Methods of testing cement, part 1---Cap. 6: Preparation of mortar)/EN 480-1:2011 (Admixture for concrete, mortar and grout---Test methods part 1: Preparation of control mortar).

Setting time was determined with Vicat apparatus in compliance with ASTM C191 specifications (Standard Test Method for Time of Setting of Hydraulic Cement by Vicat Needle). All setting time tests were performed at w/c = 0.5, according to EN 196-1:2016/EN 480-2:2011 (Admixture for concrete, mortar and grout---Test methods part 2: Determination of setting time).

The solid content of all the derivatives was estimated at 105 °C for 30 min with the moisture analyzer (Crystaltherm; Gibertini) to calculate the specific dosage of additives.

### Study of the Dosage-Dependent Effect, Slump Tests, and Setting Time Evaluation of New Performing Additives in Comparison with Commercial Plasticizers {#sec4.4.2}

The fluidificant effects of synthetized admixtures were assessed by means of a spread test on mortars and compared with the dispersing performance of commercial admixtures.

All the cement mortars were prepared with the following amounts of materials/conditions: 450 g of cement; 225 g of water (w/c = 0.5); 1350 g of CEN standard sand; 0.5% (bwoc) of the additive (100% active); 4 min of mixing program (compliant with ASTM C305: 30 s low mixing rate, 30 s high mixing rate, 2 min rest period, 1 min high mixing rate). The temperature of the test room, the equipment, and the materials (plaster, water) was set at 20.0 ± 2.0 °C. After the mix, spread tests were performed by the automatic flow table (15 blows): measurements were performed after 4′, 30′, 60′, 90′, and 120′, to evaluate the spread diameter time dependence of the mortar doped with the additive.

Meanwhile, the setting time was carried out using the Vicat apparatus in the defined time lapse to study the trend of the SPs. The initial setting time was in compliance with ASTM C191 specifications, when the penetration of the Vicat probe in the fresh mortar was 4 ± 1 mm.

### Investigation of Dispersing Performance in the Presence of Sulfates {#sec4.4.3}

The influence of sulfates ions on the new unconventional superplasticizers was determined following the method previously described by Plank and co-workers,^[@ref10]^ and the results were compared with the effect on commercially available reference additives. The experimental conditions for the preparation of the mortar, the determination of the %TS, and the requirements for the equipment were the same as in the precedent experiments. For the following experiments, the investigation was carried out employing low additives dosage (0.2% bwoc) to highlight the effect of the additive on the spread diameter values. The cementitious mortar was doped with different dosages of Na~2~SO~4~ (i.e., 0.2--2% bwoc) that was added in the cement powder. The test result was obtained measuring the first slump flow of the cementitious only after 4 min.

### ^1^H NMR Titration of **1b** with Na~2~SO~4~ {#sec4.4.4}

A solution of **1b** (5 mL, solution A, 0.001 M) in D~2~O was prepared. In 0.5 mL of this solution, Na~2~SO~4~ was dissolved in 0.05 M concentration (solution B). The solution of **1b** (0.5 mL, solution A), in an NMR tube, was titrated with the Na~2~SO~4~ solution B in the concentration range from 0 to 40 mM.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01837](https://pubs.acs.org/doi/10.1021/acsomega.0c01837?goto=supporting-info).^1^H and ^13^C NMR spectra of compounds **1a**--**c**; FT-ICR ESI mass spectra; FT-IR spectra of derivatives, TGA/DTG analysis; DFT calculations and Cartesian coordinates ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01837/suppl_file/ao0c01837_si_001.pdf))
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